[1] Confluences with relatively low discharge and momentum flux ratios where a small steep tributary with a high supply of poorly sorted sediment joins a large, low-gradient main channel commonly occur in nature, but they have not yet been investigated. Measurements of the three-dimensional velocity field, turbulence, sediment transport, bed material grain size and morphology are reported in a laboratory setting that is representative of confluences on the Upper Rhone River, Switzerland. The difference between the low-flow depth in the steep tributary and the higher flow depth in the main channel creates a marked bed discordance in the tributary zone. Due to this bed discordance, the tributary flow penetrates into the main channel mainly in the upper part of the water column, whereas the main-channel flow is hardly hindered by the tributary in the lower part of the water column, giving rise to a two-layer flow structure in the confluence zone. In confluences with high supply of coarse sediment from the tributary, the development of a deposition bar downstream from the confluence reduces the flow area and causes flow acceleration that contributes to an increase in sediment transport capacity. The sediment supplied by the tributary is mainly sorted and transported on the face of the bar by the near-bed flow originating from the main channel. The sediment transport capacity is further increased by the three-dimensionality of the flow, which is characterized by maximum velocities occurring near the bed, and by a considerable increase in turbulent kinetic energy generated in the shear layer at the interface of the flows originating from the main channel and the tributary. A conceptual model is proposed for the hydro-morpho-sedimentary processes, and compared to existing conceptual models for confluences with different characteristics.
Introduction
[2] In fluvial networks, confluences are associated with significant changes in flow dynamics, sediment transport and bed morphology, which are known to depend on the confluence characteristics. Best [1987] investigated the flow dynamics at confluences in a small laboratory flume with two 0.15 m wide adjoining channels for several confluence angles and discharge ratios. Although these experiments were performed in a schematized configuration with fixed rectangular cross section, concordant beds (i.e., equal tributary and main channel bed elevations in the confluence zone) and without sediment transport, they revealed the dominant hydrodynamic processes occurring in a wide range of confluence configurations. Best [1987] proposed a conceptual model that distinguishes six hydrodynamic zones in confluence channels: flow deflection, flow stagnation, flow separation, maximum velocity, shear layer and flow recovery ( Figure 1 ). The flow stagnation zone is created by a deflection of both streams at their junction and is associated with an increase of pressure and flow depth and a decrease of flow velocities and shear stresses. The directional change of the tributary creates a zone of flow separation with horizontal recirculation due to the flow detachment from the inner wall in the postconfluence channel and its reattachment further downstream [Best and Reid, 1984] . The geometry of the separation zone is important because it delimits the effective width of the postconfluence channel and is an area of reduced pressure and of recirculating flow, which promotes sediment accumulation. The maximum velocity zone appears downstream of the junction of the flows at the contracted cross section beside the separation zone. Shear layers are formed along the contact of the zones of flow separation and of maximum velocity, and they are characterized by high-turbulence intensities and shear stresses and also the presence of well-organized flow structures [Biron et al., 1993a; De Serres et al., 1999; Sukhodolov and Rhoads, 2001; Rhoads and Sukhodolov, 2004; Boyer et al., 2006] . As the shear layer expands laterally and dissipates, [3] Flow at river confluences is three-dimensional and often characterized by the presence of helical flow cells. The nature and characteristics of these cells have been the subject of a long-standing debate [Mosley, 1976; Ashmore and Parker, 1983; Fujita and Komura, 1987; Rhoads and Kenworthy, 1995; McLelland et al., 1996; Bradbrook et al., 1998; Bradbrook et al., 2000a; Bradbrook et al., 2000b; Lane et al., 2000; Rhoads and Sukhodolov, 2001; Weber et al., 2001; Parsons et al., 2007; Biron and Lane, 2008] . The presence or absence of these cells, their number, and their intensity depend on the confluence characteristics.
[4] Processes occurring in alluvial river confluences are further complicated by the interaction between the flow, the sediment transport and the morphology. Table 1 summarizes the major previous investigations on the hydro-morphosedimentary processes in channel confluences (excluding confluences studied in braided environments), as well as their relevant characteristics. Table 1 reveals that the current understanding of channel confluences is based on a surprisingly small number of investigated configurations. Although these studies have provided valuable insight in the dynamics of confluence zones, they do not represent the full range of channel confluences encountered in nature that vary in, e.g., planform and slope of the confluent channels, confluence angle, discharge and momentum flux ratios, bed material and sediment supply. Best [1988] , Boyer et al. [2006] , and Rhoads et al. [2009] , for example, proposed conceptual models for the hydro-morpho-sedimentary processes in a laboratory flume, the Bayonne-Berthier confluence, and the confluence of the Kaskaskia River and Copper Slough. The validity of these models is limited to confluence settings with similar characteristics.
[5] The principal objective of the present paper is to expand the understanding of the variety of influences on confluence morphodynamics, and to contribute to the formulation of a general process-response model by reporting on a laboratory investigation that extends the investigated parameter space to configurations that have the following characteristics (Table 1): 1. The main channel provides the dominant discharge, as quantified by the discharge and momentum flux ratios that are considerably lower than in the previous studies.
2. The sediment is predominantly and abundantly supplied by the tributary, and consists of poorly sorted gravel with a high-gradation coefficient. Previous studies have included conditions where sediment supply by the tributary was dominant, but much less abundant than in the presently investigated configuration. Furthermore, these previous studies considered relatively well-sorted grains.
3. The tributary is smaller than the main channel, but is characterized by a relatively steep slope that is required to provide the dominant sediment transport. The flow in the tributary is transcritical during formative floods, i.e., the Froude number is close to unity. This contrasts with the previous studies, where both adjoining channels had similar dimensions, similar small longitudinal slopes, and a subcritical flow regime.
[6] Piedmont main channels that are joined by tributaries originating in lateral valleys are an example of this type of confluence. Such confluences are typically characterized by a pronounced difference between the bed elevations of the tributary and the main channel in the confluence zone, as illustrated by the example in Figure 2 .
[7] This so-called bed discordance is a typical feature of alluvial confluences [Kennedy, 1984] . It depends on the confluence characteristics, and especially on the flow ratio and the sediment supply, as will be discussed further in section 6.3. The confluence of the Kaskaskia River and the Copper Slough [Rhoads et al., 2009] , for example, was characterized by conditions ranging from no bed discordance at low momentum ratio to mild bed discordance at high momentum ratio, whereas the Bayonne-Berthier confluence [Boyer et al., 2006] had moderate bed discordance. Bed discordance is an important morphological feature, which considerably affects the flow, the sediment transport and the morphology as indicated by field measurements [Biron et al., 1993b; Gaudet and Roy, 1995; De Serres et al., 1999] , laboratory experiments [Best and Roy, 1991; Biron et al., 1996a] , and numerical modeling [Bradbrook et al., 2001; Biron et al., 2004] .
[8] Section 2 reports the design of the experimental setup and defines the characteristics of the investigated type of confluences. In sections 3 and 4 we observe, measure, quantify and discuss the morphologic, sediment transport and flow processes in the laboratory experiment. Section 5 discusses the representativeness of the results obtained in the schematized laboratory configuration. Section 6 proposes a conceptual model for the hydro-morpho-sedimentary processes in this type of confluence. Moreover, it contextualizes the results within the range of the foregoing Figure 1 . Descriptive model of flow dynamics at a channel confluence with horizontal concordant beds (slightly modified from Best [1987] with permission from Society for Sedimentary Geology). Rhoads and Kenworthy [1998] (1) 0.7-1.7 (2) 0.64-3.18
Bed morphology, 3D velocity and water temperature Rhoads and Sukhodolov [2004] (1) 1.24 (2) 1.67 [1996] No bed discordance at low momentum flux ratios and mild bed discordance at high momentum flux ratios studies, by discussing similarities and differences in the observed processes.
3D velocities and turbulence

Rhoads
Experiment
[9] The design of the reported experiment, including the confluence geometry, the sediment characteristics and the flow and sediment discharges, is inspired by the confluences on the heavily engineered Upper Rhone River upstream of Lake Geneva, Switzerland. The experimental setup is not a scale model of one particular confluence, however, but rather a schematized configuration that aims to reproduce the dominant hydro-morpho-sedimentary processes occurring in a broader range of configurations with the characteristics described in the introduction.
[10] A summary of the geometric as well as the discharge characteristics of the Upper Rhone's 20 main confluences is presented in Table 2 , where B is the channel width, Q2 and Q5 represent the 2 and 5 year return period floods (adopted as formative floods), respectively, and the subscripts t, m and p-c represent the tributary, main and postconfluence channels, respectively (Figure 3 ). The Froude numbers at the tributary (Fr t ) and the momentum flux ratios (M r ) between the tributary and the main channels estimated for Q2 and Q5 are also shown in Table 2 .
[11] The experimental facility consists of a confluence flume with smooth vertical banks where the main channel is 8.5 m long and 0.50 m wide. The 4.9 m long and 0.15 m wide tributary channel is connected at an angle of 90°to the main channel 3.60 m downstream of the inlet (Figure 3) . The results discussed in this paper are related to the reference axes (X, Y, Z) represented in Figure 3 .
[12] The intersection angles of the tributaries with the upper Rhone River are highly variable (Table 2) . For the present project, the maximum value of 90°has been adopted. The ratio of the tributary width to the main channel width of B t /B m = 0.3 and of the main channel width to the postconfluence channel width of B m /B p-c = 1 are representative of the confluences in the Upper Rhone River.
[13] Flow discharges in the main channel and the tributary were constant at Q m = 18 l s À1 and Q t = 2 l s
À1
, respectively, leading to a discharge ratio of Q t /Q m = 0.11, width-todepth ratios in the main channel, the postconfluence channel and the tributary of 5, 7 and 9, respectively ( Figure 3 .
[16] A constant sediment discharge is only supplied to the tributary and there is no sediment supply to the main channel. This procedure aims at reproducing conditions where the main channel's bed is armoured (discussed further in the paper) and its banks are protected, and where floods in the steep tributary carry important loads of sediment. Such conditions are encountered in the Upper Rhone River.
[17] The bed was initially covered with the poorly sorted sediment mixture in the main channel and the tributary. Before the beginning of the run, the bed was flattened in the main and postconfluence channels and had an initial longitudinal slope of around 0.05% in the tributary. The steady flow discharges were provided to the main channel and the tributary, respectively, and a constant solid discharge of 0.3 kg/min was fed to the tributary. An adjustable tailgate at the end of the postconfluence channel controlled the flow depth within the entire flume. The water level at the end of this channel was kept constant at 0.07 m. During the experiment, sediment volumes entering and leaving the flume were weighed. Achievement of equilibrium was assessed on the basis of changes in the bed morphology and of the sediment budget. Equilibrium conditions occurred 23 h after the beginning of the experiment.
[18] Water levels and bed topography were measured during the experiments with ultrasonic gauges and a Mini EchoSounder [Kantoush et al., 2008] , respectively. Instruments were installed on a movable frame that covered a region of 3.80 m by 3.00 m in the confluence zone as shown in Figure 3 . Upstream flow discharges were accurately measured by means of a calibrated V notch weir on the main channel and an electromagnetic flowmeter on the tributary channel, respectively. At the end of the experiment, samples of the surface bed material were collected at four different locations (S1, S2, S3, and S4 shown in Figure 3 ). Grain size analysis by means of hand sieving was carried out.
[19] Velocity measurements were performed over the mobile sediment bed once equilibrium conditions had been attained. Nonintrusive measurements of velocity profiles with an Acoustic Doppler Velocity Profiler (ADVP) developed at École Polytechnique Fédérale Lausanne (Switzerland) allowed visualizing the flow patterns with unprecedented detail. The working principle of the ADVP has been reported by Lemmin and Rolland [1997] , Hurther and Lemmin [1998] , Blanckaert and Graf [2001] , and Blanckaert and Lemmin [2006] . The ADVP consists of a central emitter surrounded by four receivers, placed in a water filled box that touches the water surface by means of an acoustically transparent mylar film. It measures profiles of the quasi-instantaneous velocity vector,ũ(t) = (u x (t), u y (t), u z (t)), from which the time-averaged velocity vector,ũ = u x , u y , u z , the Reynolds stresses, Àru i ′u i ′ (i, j = x, y, z) and higher-order turbulent correlations can be computed. Measurements were recorded with a sampling frequency of 31. [20] Blanckaert and Lemmin [2006] have shown that a configuration with a central emitter symmetrically surrounded by four receivers at an angle of 45°with respect to the principal flow direction gives redundant information in all three velocity components and is optimal with respect to noise reduction and temporal resolution. Values are averaged in the main channel upstream of the confluence, the tributary, and the post-confluence channel.
configuration, however, only gives redundant information in the streamwise velocity component and is characterized by a higher noise level than the symmetrical one. This noise does not affect the time-averaged velocities, but it significantly biases the turbulent normal stresses and the estimation of the turbulent kinetic energy (tke), as described by Blanckaert and Lemmin [2006] . Therefore, results on the turbulence properties of the flow reported in the present paper will uniquely be based on measurements with the symmetrical ADVP configuration in the central zone of the cross section.
[21] Blanckaert [2010] described in detail the working principle as well as the data treatment procedures for measurements with both ADVP configurations. He quantified the uncertainty in the measurement of the mean flow and turbulent flow quantities, which can be summarized as follows: about 4% in the time-averaged streamwise velocity u x , about 10% in the cross-stream velocities (u y , u z ), about 20% in the turbulent normal stresses and the tke. The uncertainty in turbulence measurements increases progressively toward the bottom in the lower 20% of the water column. The uncertainty in depth-averaged mean velocities is estimated at less than 10%.
Bed Morphology, Water Surface Topography, and Sediment Transport
[22] Figure 5a shows a view of the equilibrium bed morphology in the main and postconfluence channels as well as part of the tributary channel. The installed longitudinal slope of 0.5% and the water discharge of 2 l s À1 in the tributary were initially unable to transport the supplied sediment. As a result, the longitudinal slope in the tributary increased to an equilibrium value of about 1.9% that was able to transport the sediment discharge. At equilibrium, the flow in the tributary was uniform and supercritical (Fr ≈ 1.30) with a flow depth of 0.02 m (Figure 5b ) and velocities of about 0.6 m s À1 . Flow in the main and postconfluence channels was subcritical, with Fr ≈ 0.35 and 0.70, respectively. This change of flow regime in the confluence zone induced a weak undulated hydraulic jump [Chow, 1959] characterized by a small difference in water surface elevations.
[23] During the slope adjustment from the initial to the equilibrium bed slope, the tributary severely aggraded resulting in a pronounced discordance of about 0.09 m between the bed levels of the tributary and the main channel, which corresponds to 80% of the flow depth in the main channel upstream of the confluence and to more than four times the flow depth in the tributary. This bed discordance, which is clearly illustrated by the longitudinal profiles in the axis of the tributary (Figure 5b ), is one of the most characteristic morphological features observed in the confluences of the Upper Rhone River.
[24] Longitudinal profiles in the main and postconfluence channels near the outer bank (Y = 0.05 m), at the center (Y = 0.25 m) and near the inner bank (Y = 0.45 m) illustrate the evolution of the morphology from the initial to the final state, as well as the equilibrium water surface elevation (Figure 5c ). In the present experiment, weak scour only occurs near the outer bank in the postconfluence channel. The sediment discharge provided by the tributary builds a bar near the inner bank. Just downstream of the confluence (X ≈ 0.85 m), this bar reaches a maximum height at the inner bank of about 0.09 m, which is comparable to the discordance step height (Figure 5b ). At the location of its maximum height, the bar (level > 0.02 m) occupies about half of the width of the postconfluence channel. Further downstream, the maximum height of the bar decreases and the locus of maximum height is found at some distance from the inner bank, thereby creating a small depression adjacent to the inner bank that corresponds to a corridor of fine sediment transport, as indicated by the red dashed line at the crest of the bar (Figure 5a ). Moreover, the bar widens downstream of the confluence reaching its maximum width at about X = 2.6 m. Downstream of this cross section, the morphology recovers toward a uniform, flat bed. Pronounced transverse slopes occur on the faces of the bar, especially in the confluence zone. In the axis of the tributary (X = 0.60 m) the maximum slope of the face is around 47% ($25°) while at the cross section of maximum bar height the slope of the avalanche face is around 36% (20°). These slope angles are slightly lower than the angle of repose of gravel ($40°). The lateral slopes and the volume of the deposited material decrease considerably downstream.
[25] Figure 6 illustrates the preferential corridors of sediment transport based on visual observations. In the absence of a scour hole, sediment is transported along the face of the bar downstream of the confluence (Figure 6a ). The corridor of sediment transport widens in the downstream direction and occupies the entire width of the postconfluence channel downstream of cross section X = 2.6 m ( Figure 6 ). Visual observations clearly showed a sorting of the transported sediment in the confluence zone. The face of the bar is covered by the coarse fraction of the sediment mixture. But this coarse sediment is sorted and its diameter increases from the top toward the toe of the bar face. This grain sorting can be explained by the balance of the upslope drag force and of the downslope gravitational force on the grains: the former scales with the square of the sediment particle diameter whereas the latter scales with the cube of the sediment particle diameter [Sekine and Parker, 1992] . Both forces are in equilibrium for the average particle diameter found on the bar face, whereas the downslope/upslope forces are dominant for larger/smaller particles.
[26] The morphological depression at the inner bank in the postconfluence channel coincides with a narrow corridor of transport of fine sediment shown in Figure 6b . Visual observations showed that these fine sediments are lifted to the upper part of the water column by vertical spiral vortices that are locally generated at the downstream junction corner. No flow recirculation was observed in this zone during the experiment.
[27] Grain sorting in the confluence zone is further illustrated by means of grain size distributions (Figure 7 ) for surface samples in the main channel (S1), in the tributary (S2), on the top of the bar (S3) and on the face of the bar (S4). All of the sampled grain size distributions are coarser than the input sediment mixture, which is due to the transport in suspension of the fine sediment with a diameter of less than about 0.15 mm. With the exception of some deposition in the inner-bank corridor (Figure 6b ), these fine sediments are washed out of the flume. The bed in the main channel upstream of the confluence is armoured, with a d 50 ≈ 1.8 mm at the surface, which is considerably larger than the median size of the input sediment mixture, 
Flow Dynamics
Depth-Averaged Flow Field
[28] The entrance of the tributary causes considerable redistribution of the main channel flow. Figure 8 shows the patterns of the depth-averaged unit discharge (U x h, U y h) and the depth-averaged velocities (U x , U y ), plotted over the bed topography in the confluence zone. Here h represents the local flow depth. Upstream of the confluence, the flow distribution is symmetrical and typical for flow in narrow openchannels (see further details in section 4.2). The confluence globally causes a gradual outward redistribution of the discharge. In the cross section at X = 1.33 m the unit discharge at the outer bank is more than three times higher than at the inner bank.
[29] There is a clear relation between bed topography on the one hand and the magnitude and direction of the unit discharges on the other hand. The flow goes around the shallow bar at the inner bank and the major part of the discharge is concentrated over the deepest zone near the outer bank. These topographic effects, also called topographic steering, can largely be attributed to mass redistribution required by the principle of mass conservation [Blanckaert, 2010] , which can be written as
The major contribution in this mass conservation equation is due to the streamwise changes in bed topography and correspondingly in flow depth, ∂h/∂X.
[30] According to the majority of models, sediment transport is not primarily determined by the unit discharge, but rather by the local magnitude of bed shear stress | b |, which is in first approximation (assuming a constant dimensionless Chézy friction coefficient C f ) proportional to the square of the magnitude of the local depth-average
. The momentum input by the tributary flow is clearly visible in the pronounced increase of 
Three-Dimensional Flow Field
[31] The transverse input of mass and momentum by the tributary, as quantified by the discharge ratio and the momentum flux ratio, creates a 3D flow field that includes, for example, skew-induced cross-sectional flow, turbulenceinduced helical flow and unsteady shear layers. The threedimensionality of the flow field is readily illustrated by flow visualization using color tracer introduced only in the tributary (Figure 9a ) or only in the main channel (Figure 9b ). This flow visualization clearly delineates the shear layer where flows from the main channel and the tributary join. There is a relation between the position of the shear layer on the one hand, and the sediment transport and bed morphology on the other. The preferential corridors of sediment transport coincide approximately with the shear layer ( Figure 6 and Figure 9 ) and the outer limit of the shear layer coincides closely with the toe of the avalanche faces (Figure 8 and Figure 9 ).
[32] Flow from the tributary protrudes into the confluence zone and postconfluence channel and thereby changes its direction over a distance of about 1 m long. Ultimately, it occupies about half the width of the postconfluence channel. Flow from the tributary mainly remains near the water surface, which is due to the bed discordance of about 0.09 m (Figure 5b ). At the upstream corner of the confluence (X = 0.53 m), the transverse inflow from the tributary is so strong that it blocks the flow coming from the main channel. This effect leads to the formation of a stagnation zone characterized by a rise of the water surface and deviation of the nearsurface flow toward the outer bank (Figure 5c ). Interestingly, part of the flow progresses into the postconfluence channel near the inner bank by plunging below the near-surface flow originating from the tributary (Figure 9b ).
[33] This two-layer flow near the inner bank, which can be related to the marked bed discordance, leaves a strong footprint on the 3D flow field in the confluence zone. The relatively strong flow near the bed originating from the main channel prevents the formation of a flow recirculation zone over the shallow sediment deposition zone near the inner bank. Differences in magnitude and direction occur between the upper and lower layers of the flow. This is clearly seen in Figure 10 , which shows a magnified region of the bed in the confluence zone as well as the near-bed and the near-surface average flow velocities at Z/h = 0.2 (dashed vectors) and Z/h = 0.7 (full vectors), respectively. In the confluence zone, the near-bed flow from the main channel follows a rather straight path that is directed upward the slope of the bar (most left near-bed vector in X = 0.60 and X = 0.83; Figure 11 ). The tributary inflow in this zone can be easily recognized by the near surface vectors that are outward directed (full ellipse in Figure 10 ). This tributary inflow deflects the near-surface flow originating from the main channel in the outward direction. Outside of the zone occupied by the bar (dashed ellipse in Figure 10 ), the near-bed flow is parallel to the bar contours while the near-surface flow is slightly less outward skewed. The skewing of the flow direction over depth does not lead to the formation of helical flow cells, however, because no upward/downward vertical velocities occur that are of similar magnitude to the variation of the transverse velocity component (Figure 11 ).
[34] Figure 11 shows the vectors of the cross-sectional velocities (u y , u z ) superimposed on the contours of the streamwise velocity u x . The flow upstream of the confluence (X = 0.13 m and X = 0.35 m) shows a pattern that is typical for open-channel flow in a relatively narrow rectangular cross section (B/H = 5) with a rough bed [Tominaga et al., 1989; Nezu and Nakagawa, 1993; Rodríguez and Garcia, 2008; Blanckaert et al., 2010] . The flow distribution is about symmetrical over the width of the channel, but shows significant transverse variations with amplitude of about 10%-15% in the streamwise velocities. Moreover, the maximum streamwise velocities are found below the water surface, a phenomenon commonly called the velocity dip. This velocity distribution is the result of advective transport of momentum by helical flow cells. These cells are induced by turbulence, reach maximum cross-stream velocities of about 0.02U, and scale with the flow depth, which explains the existence of four cells over the width of the channel . These four cells are schematically indicated in Figure 11a . Regions of downward vertical velocities (Y = 0.1 m and Y = 0.4 m; Figure 11a ) advect highnear-surface velocities toward the bed and cause an increase in streamwise velocity in the water column, whereas regions of upward vertical velocities (Y = 0.25 m; Figure 11a ) advect low-near-bed velocities toward the water surface and cause a decrease in streamwise velocity in the water column.
[35] The cross section at X = 0.35 m (Figure 11b ) is characterized by a slight rise of the water surface near the inner bank, an outward mass flux in the inner part of the cross section, and a weak outward shift of the streamwise velocity pattern. This slight asymmetry can be attributed to the effect of the entrance of the tributary flow, which perturbs the flow upstream of the confluence where flow is subcritical.
[36] According to the flow visualization in Figure 9a , flow in the cross section located at the upstream corner of the confluence (X = 0.53 m, Figure 11c ) uniquely originates from the main channel and is not yet affected by momentum input from the tributary. However, flow upstream of the junction corner is already strongly conditioned by the confluence and shows considerable outward velocities that are accompanied by a global decrease of velocities in the inner part of the cross section and a global increase of velocities in the outer part. Different processes contribute to this velocity redistribution. Topographic steering due to the presence of the bar just downstream that directs the flow outward is a dominant process contributing to the velocity redistribution. As shown by the flow visualization, the flow coming perpendicularly from the tributary acts as an obstacle that causes a stagnation zone characterized by a rise in the water level near the inner bank, flow deceleration, and flow deflection in the outward direction (Figure 5c ). The effect of the obstruction by the tributary inflow is especially strong near the water surface, as visible in the bulging of the u xcontours. These processes originate where the tributary flow enters and diminish with distance from the inner bank. The vertical u x -contours near the water surface at the inner bank and the strong lateral velocity gradient suggest the development of a shear layer.
[37] The pronounced transverse velocities near the inner bank in the cross sections situated in the confluence zone (X = 0.60 m at the axis of the tributary and X = 0.68 m at the downstream corner of the confluence) represent the transverse inflow from the tributary. The pattern of vectors follows the bed topography and the magnitude of crossstreamflow diminishes with distance from the inner bank, which reflects change in the direction of flow (see visualization in Figure 9a ). These transverse velocities are higher at X = 0.68 m than at X = 0.60 m, indicating that the flow in the tributary is asymmetrical with higher velocities toward the downstream junction corner. The momentum input by the tributary increases the magnitudes of velocity vectors near the inner bank (Figure 10 ) and the core of highestvelocity magnitudes is located near the inner bank close to the bed. This core of highest velocities is of particular importance for the transport of sediment originating from the tributary (see further in section 6). The outward velocities lead to an outward shift of the location of the shear layer (at about Y = 0.37 m/0.32 m in the cross sections at X = 0.60 m/0.68 m). Velocities near the inner bank are smallest at the water surface and increase considerably toward the bed, confirming the two-layer structure of the flow at this location.
[38] The confluence-induced flow processes persist in the cross section downstream of the confluence at X = 0.83 m. The transverse velocities near the inner bank have weakened, but the two-layer flow structure and the core of highest velocities close to the bed near the inner bank are still pronounced. This cross section is characterized by considerable acceleration of the flow, especially on the slope of the bar face near the inner bank. This flow acceleration, which plays an important role in the transport of sediment (see further in section 6), can be attributed to three effects. First, the sediment deposition zone near the inner bank reaches its maximum height, which leads to a considerable reduction of the flow cross section in the postconfluent channel. Second, the near-surface flow originating from the tributary occupies about half of the width (see dye visualization in Figure 9a) , which leads to a contraction and a further reduction of the flow area. Third, this reduction of the flow area is accompanied by a backwater effect that provides the local steepening of the water surface (Figure 5c ) required to accelerate the flow. The shear layer, located around Y = 0.25 m according to the dye visualization in Figure 9 , has considerably weakened as indicated by the attenuated transverse gradient in the nearsurface velocities.
[39] Velocities are rather low in the shallowest part (Y > 0.4 m) of the cross section over the top of the bar at X = 1.33 m. Outward mass and momentum transport between the cross sections at X = 0.83 m and X = 1.33 m has shifted the core of maximum velocities to the central zone of the channel. Interestingly, it occurs over the bar face and not over the deepest part of the cross section. Inward movement of fluid is observed in the inner part of the cross section, which is due to expansion of flow over the bar and the decreasing transverse bed slope (Figure 5a ). This cross section is marked by considerable global flow acceleration accompanied by an increase of the postconfluence water surface slope (Figure 5b) .
[40] It is interesting to note that the signature of the turbulence-induced helical flow cells observed in the cross sections at X = 0.13 m and X = 0.35 m remain visible onto the last measured cross section at X = 1.33 m, in the form of the bulging of the u x -isolines and the two cores with increased streamwise velocities. These features are shifted outward, however, by the flow originating from the tributary, and they only occur in the confluence zone at the outside of the shear layer. Moreover, the transverse velocities of these turbulence induced helical flow cells of about 0.02U ≈ 0.01 ms À1 are more than an order of magnitude smaller than the transverse velocities generated by the lateral inflow from the tributary. These observations indicate that these helical cells do not modify considerably the 3D flow processes induced by the channel confluence.
Turbulent Flow Structure
[41] The confluence enhances turbulence activity, which is relevant with respect to the mixing of mass, momentum, heat, suspended matter and sediment coming from the main channel and the tributary. Figure 12 shows the normalized turbulent kinetic energy, tke/u * 2 , in the cross sections at X = 0.13 m, X = 0.68 m and X = 0.83 m. These cross sections were chosen because of their representativeness in terms of turbulent structure in a confluence zone. The characteristic shear velocity u * used for the normalization is calculated between X = 0.13 m to X = 1.33 m and is equal to 0.04 m s À1 . As mentioned in section 2, only turbulence measurements with the symmetrical ADVP configuration are discussed.
[42] The pattern of tke in the cross section at X = 0.13 m is typical of straight channel flows in narrow rectangular cross sections. The turbulence is mainly induced by bottom friction and redistributed in the cross section by the turbulenceinduced helical flow cells (Figure 12a ) that cause transverse variations in the tke . These patterns subsist in the central parts of the cross sections at X = 0.68 m and X = 0.83 m, but they are slightly advected outward by the transverse velocities associated with the tributary inflow (Figure 12) . The most noticeable features in the cross sections at X = 0.68 m and X = 0.83 m are the increased and pronounced gradients in tke near the inner edge of the measuring grid. These gradients correspond to the position of the shear layer as identified by means of dye flow visualization ( Figure 9 ) and the mean velocity patterns (Figure 11 ). Also the momentum input by the tributary flow contributes considerably to the tke increase: it increases the magnitude of the velocities in the confluence zone ( Figure 11 ) and hence also the turbulence activity, since tke scales with the square of the mean velocity magnitude. In the cross section at X = 0.68 m, the pronounced tke gradient is only apparent near the water surface, which is in agreement with the pronounced vertical two-layer flow structure in this zone (Figure 11 ). Interestingly, the core of pronounced tke increase in the shear layer approximately coincides with the preferential corridors of sediment transport (Figure 6b ).
[43] Figure 13 presents the relative contributions to the tke of the streamwise, transverse and vertical velocity fluctuations at a relative depth of Z/h = 0.7 in the cross sections at X = 0.13 m, X = 0.68 m and X = 0.83 m. Upstream of the confluence in the cross section at X = 0.13 m, the contribution of u ′2
x , u ′2 y and u ′2 z are about 58%, 30%, and 12%, respectively, which is in agreement with the semitheoretical values for straight open-channel flows presented by Nezu and Nakagawa [1993] and the experimental values measured in straight natural rivers by Sukhodolov et al. [1998] . In the cross section at X = 0.68 m, the tributary input of transverse momentum causes an increased relative contribution of u ′2 y , which weakens with transverse distance from the confluence zone. Interestingly, although the mean flow reorients in the streamwise direction between the cross sections at X = 0.68 m and X = 0.83 m (Figure 11 and Figure 12 ), u ′2 y continues to grow at the expense of u ′2
x in the inner part of the cross section where the transverse fluctuations form the dominant contribution to tke. The cross-stream patterns also indicate that the relative magnitude of the transverse velocity fluctuations increase within the shear layer. This finding is consistent with Figure 11 . Mean streamwise flow velocities u x (contours) and cross-sectional velocities, u y , u z (vectors) at the seven measured cross sections indicated in Figure 3 . The two vertical dashed lines represent the boundaries between measurements performed with the asymmetrical and symmetrical ADVP configurations, whereas the shaded areas indicate regions where the flow measurements are perturbed by the ADVP housing that touches the water surface (more details in the work of Blanckaert [2010] ). the results of Sukhodolov and Rhoads [2001] in small natural confluences with concordant beds.
Representativeness of the Experimental Results
[44] The present section discusses the relevance of the results obtained in the schematized laboratory setup under constant conditions of discharge and sediment supply by means of comparison to field observations on the confluence of the Upper Rhone River and the Lonza tributary shown in Figure 14 . In spite of differences in the main geometrical and hydraulic parameters, the experiment reproduced satisfactorily the main features observed in the Rhone-Lonza confluence, which lends credence to the results of the laboratory investigation. The Lonza-Rhone confluence is marked by a significant discordance. The confluence promotes the formation of a deposition bar that occupies around 75% of the channel width in the cross section at km 99.384 (Figure 14a ). The bar deflects the main flow toward the left bank, generating flow acceleration and consequently creating a small erosion zone near the left bank (Figure 14b ). This zone of erosion is situated near the region where the highest unit discharge was observed in the laboratory experiment ( Figure 10) . As for the reported experiment, the erosion is considerably smaller than the deposition. The bar is characterized by significant grain sorting, where fine and coarse materials regions can be recognized in Figure 14c . During low flows, the bar is exposed and the flow is redistributed to the left bank. A well-marked shear layer is formed between the confluent flows (Figure 14c) .
[45] Investigations on the Bayonne-Berthier confluence [Leclair and Roy, 1997; Boyer et al., 2006] , and on the confluence of the Kaskaskia River and Copper Slough [Rhoads et al., 2009] have reported that the bed morphology and the bed material texture cyclically respond to the hydrological variability in the momentum flux ratio and the associated sediment supply. In natural cases with intermittent sediment supply from the confluent channels only during floods, the bar can be expected to grow during flood events when the sediment supply exceeds the sediment transport capacity. After a flood when the sediment supply has decreased, however, the bar can be expected to erode until equilibrium is established.
Hydro-morpho-sedimentary Processes
[46] The previous sections reported and analyzed separately the bed morphology and the sediment transport on the one hand, and the flow dynamics on the other hand. Figure 15 attempts to integrate the foregoing observations in a conceptual model for the hydro-morpho-sedimentary in confluences with similar characteristics. In this section, we will discuss the model's main features, and contextualize the results with respect to foregoing investigations on confluence morphodynamics. This contextualization will focus on the similarities with and differences from conceptual models proposed by Best [1988] , Boyer et al. [2006] , Leclair and Roy [1997] and Rhoads et al. [2009] for channel confluences with different characteristics (cf. Table 1).
Bed Discordance in the Confluence Zone
[47] The most peculiar characteristic of the investigated type of confluence is the pronounced bed discordance in the confluence zone (Figure 5 ; cf. Table 1 ). Flow in the postconfluence channel is subcritical and hence by definition conditioned by the downstream boundary conditions for the water surface elevation and the bed level. The total discharge, Q m + Q t , and sediment supply, Q s,m + Q s,t , originating from the main channel and the tributary determine the (cross-sectional-averaged) flow depth and the bed slope in the postconfluence channel, and hence also the absolute elevations of the bed and the water surface in the confluence zone, Z b,m and Z w,m , respectively (Figure 16 ). These considerations do not take into account the three-dimensionality of the bed topography in the postconfluence channel. In the reported experiment, this three-dimensionality mainly occurs downstream of the confluence due to the sediment supply by the tributary, and it is much less pronounced in the confluence zone where the bed discordance is observed (Figure 5a ).
[48] In the confluence zone, it can reasonably be assumed that the water levels in the main, the tributary and the postconfluence channels are about equal under formative hydrological conditions. Contrary to the case of junctions where the flow is subcritical in both confluent channels, a hydraulic jump has to occur in the investigated type of confluence to accommodate the transition from the supercritical flow in the tributary to the subcritical flow in the postconfluence channel. The characteristics of a hydraulic jump are mainly determined by Fr m and Fr t . For the range of Froude numbers encountered in the experiment (Fr m = 0.32 and Fr t = 1.3), a weak undulated hydraulic jump occurs that only induces a small difference in water level elevations in the confluence zone, Z w,m ≈ Z w,t .
[49] The discharge Q t , the sediment supply Q s,t and the sediment characteristics in the tributary determine the flow depth, H t , and the bed slope S t . The absolute elevations of the bed and water surface are determined by the downstream boundary conditions in the confluence zone. The absolute elevation of the bed level is determined by Z b,t = Z s,t À H t . The bed discordance is readily obtained as
[50] This explanation and quantification corroborates the claim of Kennedy [1984] that the bed discordance is controlled by the physiographic characteristics of the two watersheds of the main river and the tributary, which determine the size, shape and hydraulic conditions of the confluent channels, rather that by the confluence dynamics itself. The pronounced bed discordance in the investigated type of confluence can primarily be attributed to the different flow and sediment transport regimes in the tributary and main channels.
[51] The moderate discordance observed in the BayonneBerthier confluence [Biron et al., 1993b; Boyer et al., 2006] and the mild discordance between the Kaskaskia and the Copper Slough Rivers Rhoads and Kenworthy, 1998; Rhoads et al., 2009] and the laboratory confluence channels studied by Best [1988] can be explained by the similarity of the flow depths (H t and H m ) and sediment transport regimes between the tributaries.
Flow Features in the Confluence Zone
[52] The pronounced bed discordance strongly conditions the flow processes in the confluence zone and is at the origin of the formation of a two-layer flow structure. Flow originating from the tributary mainly protrudes in the upper part of the water column of the main channel, where it deflects the main-channel flow outward.
[53] The bed discordance shields the flow in the lower part of the water column from the tributary inflow, and allows it to move unimpeded downstream (Figure 9, Figure 10 , Figure 11 ), which prevents the formation of a zone of horizontal flow recirculation. In configurations with mild bed discordance such as Best's [1988] laboratory experiments or the confluence of the Kaskaskia River and Copper Slough, the tributary flow deflects the main-channel flow outward over the entire flow depth. The directional change of the tributary can induce a zone of horizontal flow recirculation at the inner bank [Best and Reid, 1984] where mainly fine sediment tends to settle and build a separation zone bar. The absence of horizontal flow recirculation in the BayonneBerthier confluence, in the experiments performed by Biron et al. [1993a] in a confluence flume with fixed bed with a mild bed discordance without sediment transport, and in the laboratory experiment reported here confirm the role of the two-layer flow structure in preventing flow recirculation.
[54] Helical flow cells were observed in Mosley's [1976] and Best's [1987] laboratory experiments and in the confluence of the Kaskaskia River and Copper Slough Rhoads and Kenworthy, 1998; Rhoads et al., 2009] . However, such cells were not observed in the Bayonne-Berthier confluence [Biron et al., 1993b; Biron et al., 2002; Boyer et al., 2006] nor in the experiments of Biron et al. [1996b] and that reported here, both of which had pronounced bed discordances. Similar to open-channel bends, helical flow is generated in confluences with concordant or mildly discordant beds by curvature effects, and more specifically by vertical gradients in the centrifugal force that are mainly due to bottom friction [Blanckaert and de Vriend, 2004 ]. An increase in bed discordance can be expected to reduce the effect of bottom friction and hence the tendency to helical flow generation. Moderate and pronounced bed discordances limit the tributary flow penetration to the upper part of the flow depth and disconnect this flow from bed frictional influences, which explains the absence of helical flow.
[55] A shear layer characterized by increased turbulence levels at the junction of the flows originating from the tributary and the main channel is a common feature in channel confluences with both bed concordant or bed discordant configurations [Best and Roy, 1991; Biron et al., 1996b; Bradbrook et al., 2000b; Sukhodolov and Rhoads, 2001; Biron et al., 2004; Rhoads and Sukhodolov, 2008] . The shear layer is tridimensional as it develops both laterally and vertically in the confluence zone. The shear layer position is critical for the dynamics of the confluence as it influences flow mixing and sediment transport pathways. This position will vary according to the discharge ratio and the height of the bed discordance thus affecting the resulting bed morphology.
Morphological Features in the Confluence Zone
[56] Sediment continuity requirements explain the morphology in the reported experiment, which included the development of a bar at the inner bank and weak scour at the outer bank ( Figure 5 ). The steep slope provided by the bed discordance promotes delivery of coarse sediment from the tributary into the confluence zone, where it encounters the near-bed flow originating from the main channel. Initially, this near-bed flow has insufficient sediment transport capacity, leading to the deposition of the sediment and the development of the bar. This bar development causes, however, a reduction in the local flow depth accompanied by a backwater effect that locally steepens the longitudinal water surface gradient (Figure 5c ), which leads to an acceleration of the flow. This flow acceleration, together with enhanced near-bed velocities (Figure 11 ) and enhanced turbulence (Figure 12 ), provide the sediment transport capacity required to carry the sediment load from the tributary through the confluence.
[57] A similar morphology characterized by a bar along the inner bank of the downstream channel and limited scour at the opposite bank was observed in the Bayonne-Berthier confluence [Biron et al., 1993b; Leclair and Roy, 1997; De Serres et al., 1999; Boyer et al., 2006] , which is characterized by a moderate bed discordance and dominant sediment supply by the tributary. Also at the confluence of Kaskaskia River and Copper Slough Rhoads and Kenworthy, 1998; Rhoads et al., 2009] , the development of large bars at the downstream junction corner occurred when the lateral tributary was dominant and large amounts of bed load were transported into the confluence from this tributary. In most scenarios investigated by Rhoads et al. [2009] on the confluence of Kaskaskia River and Copper Slough, the bed discordance remained mild. Rhoads et al. [2009] also noted that scour was limited over the outer half of the cross section under such cases and that it was as much related to lack of deposition (extension of the bar laterally) as it was to active scour. In the conceptual model proposed by Best [1988] , the dominant morphological feature is a scour hole that connects to the tributary and the upstream main channel by means of steep avalanche faces that promote the delivery of sediment to the confluence zone.
[58] The interplay between sediment loads and the discharges in the tributary and the main channel appears to be an important factor governing confluence morphology, including the development, relative importance and location of scour, deposition and bed discordance. Our observations, associated with the analyses of previous studies suggest that the degree of discordance is greatest and the degree of scour is most limited when the tributary is dominant in terms of bed load rates and bars form in the confluence zone. Scour is most pronounced when both the tributary and main channel transport abundant sediment and the continuity of both loads through the confluence must be maintained.
[59] In the reported experiment, the increase in velocity in the confluence zone due to the deposition bar is accompanied by an increase in the energy gradient (which scales with the square of the velocity), as illustrated by the marked increase in the water surface slope downstream of the confluence (Figure 5c ). This finding is in agreement with experimental evidence of flow acceleration downstream of confluences in natural rivers Rhoads and Kenworthy, 1995; Rhoads et al., 2009] . Rice [1999] and Rice and Church [2001] observed related steepening of the bed (and bed material coarsening) of the main channel downstream of tributaries that introduce excess coarse bed material.
[60] Topographic steering around the bar shifts the flow toward the outer bank. In the reported experiment, the unit discharge was found to be three times higher at the outer bank than at the inner bank (Figure 8 ). This convective acceleration of the flow explains the zone of erosion found along the outer bank. These observations are in line with the erosion of the outer bank downstream of the confluence in the Rhone-Lonza confluence (Figure 14) and also with the behavior of the erosion described in the confluence of the Kaskaskia River and Copper Slough [Rhoads et al., 2009] .
[61] Coarse sediment supplied by the tributary is mainly transported on the sloping face of the bar by the near-bed flow originating from the main channel. The preferential corridor of coarse sediment transport was found to coincide with the position of the shear layer caused by the junction of both confluent flows. This result is in accordance with the measurements performed by Boyer et al. [2006] where the additional turbulence production in the shear layer is associated to the position of the corridors of sediment transport. In the reported experiment, fine sediment is lifted into suspension by spiral vortices at the downstream corner of the confluence, and transported downstream in a narrow corridor near the inner bank. Segregation of the transported material and outward shifting of the transport corridor of coarse sediment have also been described by Rhoads [1996] and by Rhoads et al. [2009] in a configuration where the tributary is dominant for subcritical flow in both incoming streams.
Conclusions
[62] This paper examines confluences with relatively low discharge and momentum flux ratios where a small steep tributary with a high supply of poorly sorted sediment joins a large, low-gradient main channel. It reports measurements of the three-dimensional velocity field, turbulence, sediment transport, sediment granulometry and morphology in a laboratory setup and proposes a conceptual model for the hydro-morpho-sedimentary processes in this type of confluence configuration.
[63] A marked bed discordance occurs in the confluence zone, which is mainly determined by the different flow regimes in the main channel and the tributary. The flow depth in the subcritical main channel is considerably higher than in the transcritical steep tributary. This difference in flow depth manifests in a pronounced bed discordance, whereas the water surface elevation only shows minor changes in the confluence zone. Due to this bed discordance, the tributary flow penetrates into the main channel mainly in the upper part of the water column, whereas the mainchannel flow moves beneath the tributary in the lower part of the water column.
[64] Three hydro-morphological interactions provide the increase in sediment transport capacity required to transport the dominant tributary sediment supply through the confluence zone. First, the development of a bar at the inner bank of the downstream channel causes a reduction in the local flow depth, an acceleration of the near-bed flow, and outward deflection of this flow by topographic steering. Second, the bed discordance gives rise to a two-layer flow structure and to three-dimensional flow patterns that are characterized by near-bed cores of high velocity with increased sediment transport capacity. Third, considerable turbulence is generated in the shear layer at the junction of the flows originating from the main channel and the tributary. The coincidence of the shear layer with the location of preferential corridors of coarse sediment transport indicates that the increased turbulence levels contribute substantially to the required increase in sediment transport capacity.
[65] The sediment transfer between the tributary and the postconfluence channels mainly occurs near the downstream junction corner of the confluence due to the formation of a stagnation zone at the upstream junction corner that causes an asymmetric distribution of the flow and sediment transport. Sediment provided by the tributary to the postconfluence channel is mainly transported by the near-bed flow originating from the main channel. This near-bed flow has a component that is directed up the slope of the bar. The interplay between the near-bed flow and the downslope gravitational forces on the sediment particles conditions the slope of the bar and causes sediment sorting. Moreover, this near-bed flow prevents the formation of a zone of flow recirculation and deposition of fine sediment at the inner-bank.
[66] This conceptual model is complementary to conceptual models of Best [1988] , Boyer et al. [2006] and Rhoads et al. [2009] for confluences with different characteristics. Some similar processes are observed in other asymmetrical confluences with dominant sediment supply by the tributary, but with higher discharge and momentum ratios and mild to moderate bed discordance: (1) the overall outward deflection of the flow by the lateral tributary input that leads to a pronounced asymmetry of the cross-section downstream of the confluence with bar development downstream of the junction corner and the deepest part of the cross-section toward the outer bank; (2) the formation of a stagnation zone at the upstream junction corner that causes the tributary's flow and sediment to enter the main channel toward the downstream junction corner of the confluence; (3) pathways and sorting of coarse sediment on the bar face and pathways of fine sediment confined near the inner bank along the top of the bar. Differences from previous conceptual models are mainly induced by the pronounced bed discordance that restricts the tributary inflow to the upper part of the water column, in contrast to configurations with mild and moderate bed discordance where the tributary inflow occurs over the full water column. As a result, the vertical shear layer that forms at the junction of the tributary and main channel flows is also restricted to the upper part of the water column, and an additional horizontal shear layer is formed where the transverse tributary inflow in the upper part of the water column moves over the longitudinal main-channel inflow in the lower part of the water column. The main channel flow in the lower part of the water column moves up the bar downstream of the confluence junction corner, and prevents the formation of the flow recirculation zone on that bar which is typical for configurations with mild or moderate bed discordance.
